The aim of the study was to assess serum hyaluronic acid (HA) and transforming growth factor beta 1 (TGF-β1) concentrations: 1) to differentiate hepatic fibrosis from other forms of liver disease, and 2) for the non-invasive staging of canine liver fibrosis. We also evaluated the association between serum HA concentration and the size of the shunt vessel as an indirect marker of decreased liver clearance in patients with single congenital vascular anomaly. Forty-one healthy client-owned dogs and forty dogs diagnosed with hepatobiliary disease were enrolled in the prospective study. Patients were divided into 4 subgroups: 1) congenital portosystemic shunts (CPSS); 2) parenchymal diseases (a. mild and moderate fibrosis, b. advanced fibrosis and cirrhosis); 3) hepatic neoplasia; 4) biliary tract disorders based on thorough clinical, ultrasound and histopathological examination. Serum HA and TGF-β1 concentrations were measured using ELISA. The HA concentration was significantly increased in patients with advanced liver fibrosis/cirrhosis (P < 0.001) and CPSS (P < 0.001) compared to healthy dogs. Using a cut-off HA concentration of 135.94 ng/ml, the sensitivity and specificity for diagnosis for advanced liver fibrosis/cirrhosis was 100% (95% CI, 50.6-100) and 90.8% (95% CI, 81.6-95.7), respectively. The TGF-β1 levels did not significantly differ among groups (P = 0.180). Negligible correlation was found between serum HA concentration and the size of portosystemic shunt vessel (rs = 0.07; P = 0.831). These findings suggest that serum HA concentration is a potential noninvasive biomarker for advanced liver fibrosis and/or cirrhosis in dogs. The utility of measuring serum concentration of TGF-β1 for diagnosing canine liver fibrosis was not supported.
Non-invasive detection of hepatic fibrosis is important for initiation of anti-fibrotic treatment to prevent progression to irreversible cirrhosis. Liver fibrosis is characterized by excessive accumulation of extracellular matrix (ECM) which results from both increased synthesis and decreased degradation of ECM and is observed in most types of chronic liver diseases (Liu et al. 2012) . Histopathological examination of liver biopsy has been considered to be the gold standard in order to detect and stage liver fibrosis. However, because of the general anaesthesia, invasiveness and possible complications during sampling (bleeding, pain and financial issues) substituting biopsy procedure for minimally invasive specific blood tests would be preferrable, at least in the case of monitoring treatment efficacy in humans (Sebastiani and Alberti 2006) .
Hyaluronic acid (HA) is a glycosaminoglycan synthesized by hepatic stellate cells (HSCs) as a main component of the ECM (McGary et al. 1989) . High serum levels of HA in humans correspond to increased production of ECM by HSCs (Rosenberg et al. 2004 ) and thus appear to be the most reliable individual test reflecting increased ECM in human patients with chronic hepatitis C and alcoholic liver disease (Wong et al. 1998; Stickel et al. 2003) . Transforming growth factor β1 (TGF-β1) is the major mediator of fibrogenesis, thus being a potential biomarker for hepatic fibrosis. It favours the transition of HSCs to myofibroblast-like cells, stimulates the synthesis of ECM proteins and inhibits their degradation (Bataller and Brenner 2005) . In human patients, serum TGF-β1 concentrations have a lower diagnostic accuracy for fibrosis than HA (67% and 86%, respectively) (Oberti et al. 1997) .
To date, there are only a few studies using the measurement of serum biomarkers for histopathologically staged liver fibrosis in veterinary medicine (Table 1) . Serum HA concentrations were found to be increased in dogs with advanced liver fibrosis and/or cirrhosis (Kanemoto et al. 2009; GlinskaSuchocka et al. 2015) . However, no correlation was found between serum HA concentrations and the stage of liver fibrosis in dogs (Kanemoto et al. 2009 ). Serum HA concentrations were also significantly increased in dogs with congenital portosystemic shunt (CPSS) (Seki et al. 2010) . The authors proposed that the reduction of intrahepatic portal blood flow due to persistent vascular communication may decrease the clearance rate of HA by hepatic sinusoidal endothelial cells, thus causing a rise in serum HA levels. A single previous study focused on TGF-β1 concentrations in dogs with parenchymal liver disease and found significantly increased levels in patients with moderate to severe fibrosis (Neumann et al. 2008) . Serum HA and TGF-β1 concentrations have not been concurrently assessed as non-invasive markers of liver fibrosis. The aim of the current study was to assess the correlation between two potential serum biomarkers -HA and TGF-β1 and histologically staged liver fibrosis in dogs with respect to the stage of fibrosis according to the METAVIR score (Desmet et al. 1994) . We also speculated that with larger volumes of blood that bypass the liver if the shunt vessel has a larger diameter, it results in less HA being cleared by the liver and might cause higher serum HA concentrations in the absence of hepatic fibrosis. Thus, we hypothesized that serum HA concentration would be negatively correlated with the size of CPSS vessel. To the authors' knowledge, the correlation between serum HA concentration and the size of CPSS vessel has not been evaluated before.
Materials and Methods

Study design
The study was a prospective case series in dogs that assessed differences between serum HA and TGF-β1 concentrations and type of liver disease, and correlations with the stage of liver fibrosis (METAVIR score). The study was approved by the Ethical Committee for Animal Experiments, University of Veterinary and Pharmaceutical Sciences Brno, Czech Republic.
Thorough history evaluation and physical examination were carried out. Peripheral blood samples were collected for a complete blood count (Sysmex XT-2000iV haematology analyzer, Sysmex America Inc., IL, USA) and serum biochemical profile including concentrations of total protein, albumin, urea, creatinine, total bilirubin, cholesterol, calcium, phosphate, sodium, potassium, chlorides and activities of alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase, and gamma glutamyl transferase (Abbott Architect c4000 clinical chemistry analyzer, Abbott Laboratories, IL, USA, data not shown). Urinalysis of voided samples and abdominal ultrasound were performed.
The control group comprised 41 healthy client-owned dogs. Results of all performed examinations were within normal range. Control dogs had not suffered from any known disease for three months prior to presentation nor received any medication. The patient group was represented by 41 dogs diagnosed with hepatobiliary disease at the Small Animal Clinic, University of Veterinary and Pharmaceutical Sciences, Brno, Czech Republic, from July 2014 to June 2017. Diagnosis of hepatobiliary disease was made based on clinical signs, alterations in the biochemistry profile and/or abnormal liver and gall bladder ultrasound finding (nodular lesions, hyper/hypoechoic liver parenchyma, microhepatica, hepatomegaly, biliary tract abnormalities). The patient group was divided into 4 subgroups according to the World Small Animal Veterinary Association (WSAVA) classification (Rothuizen 2006) : 1) vascular disorders (with exclusive cases of congenital portosystemic shunts); 2) parenchymal diseases (a -mild and moderate fibrosis; b -advanced fibrosis and cirrhosis); 3) neoplasia; and 4) biliary tract disorders. Patients with any neoplastic liver disease were included in subgroup 3 regardless of other microscopic changes. In subgroup 1, patients with vascular anomalies, the maximal luminal diameter of the portosystemic shunt was measured in a transverse plane during abdominal ultrasound, where possible. If the vessel orientation did not allow the perpendicular cross-sectional approach, the luminal diameter was measured in the sagittal plane (Vivid 7, GE Medical Systems, Horten, Norway).
Dogs that were diagnosed with arthritis were excluded from the study because of previous reports of increased serum HA concentrations in animals with inflammatory changes in the joints (Arican et al. 1994) . Also, dogs previously treated by corticosteroids in the last six months were excluded to avoid false negative results due to the anti-fibrotic effect of this group of drugs.
HA and TGF-β1 analyses
Blood was collected by jugular venipuncture and placed into sterile anticoagulant-free tubes. Serum was separated after centrifugation at 1000 g for 30 min and stored at -20 °C until analysis (maximum of 6 months).
In all animals serum HA (Hyaluronan Quantikine ELISA Kit, R&D Systems, MN, USA) and TGF-β1 (Human TGF-beta 1 Quantikine ELISA Kit, R&D Systems, MN, USA) concentrations were measured using commercially available ELISA kits, which were both previously used for measuring HA and TGF in canine serum samples (Neumann et al. 2008; Kanemoto et al. 2009 ). Samples were run using materials provided by the respective manufacturers according to their instructions. Concentrations of HA were measured with ELISA assay validated by the manufacturer for canine samples. The TGF-β1 ELISA kit was used based on the shared sequence identity of human and canine TGF-β1. Assay precision for TGF-β1 was assessed by calculating intraassay coefficients of variation (%CV) for 2 samples (low and high concentration) run 6 times on the same ELISA plate. Repeatability for TGF-β1 assay was assessed by calculating the inter-assay %CV for 2 other samples (low and high concentration) run 6 times on different days.
Laparoscopic liver biopsy
Laparoscopic liver biopsies were taken from all dogs in the patient group, and in six healthy controls that underwent general anaesthesia because of neutering or preventive gastropexy with the owner's consent. Prior to biopsy specimen collection, measurement of prothrombin time (PT), activated partial thromboplastin time (APTT) and fibrinogen with buccal mucosal bleeding time were performed to avoid possible bleeding complications (data not shown).
All dogs were placed in dorsal recumbency and the ventral abdominal region was aseptically prepared. A 30° forward-oblique, 5-mm telescope (Hopkins II, Karl Storz SE & Co. KG, Germany) was inserted through the umbilical port with 5 mm cup biopsy forceps (CLICKline, Karl Storz SE & Co. KG, Germany) used for liver biopsy. Samples were collected from any macroscopic liver lesion, and at least three more samples from different liver lobes were obtained in each dog and submitted for histopathological analysis. After the surgical procedure the abdominal cavity was deflated and port incisions were closed in a routine manner.
Histopathological examination
Histopathological examination is the gold standard for diagnosis of liver disease and staging of liver fibrosis. Liver specimens were fixed in 10% neutral buffered formalin, routinely dehydrated and embedded in paraffin using standard procedures. The liver tissue sections (4 µm) were stained with haematoxylin and eosin (H&E) stain and Sirius red to evaluate the degree of fibrosis semiquantitatively with classification according to METAVIR score (Desmet et al. 1994 ): F0 -no fibrosis; F1 -fibrous expansion in some portal tracts; F2 -fibrous expansion in most portal tracts with occasionally portal-portal/portal-central bridging; F3 -intralobular degeneration with marked bridging; F4 -cirrhosis (Desmet et al. 1994 ). Samples were examined by an experienced veterinary anatomic pathologist (MS) blinded to group assignment except 1 case of neoplasia and 1 case of biliary tract disorder evaluated by board certified anatomic pathologist (GCMG).
Hepatic fibrosis in patients diagnosed with parenchymal liver disease was staged by a single pathologist (MS).
Statistical analysis For all statistical tests, a receiver operating characteristic (ROC) curve and the area under the receiver operating characteristic curve (AUROC) a PC-based software (MedCalc for Windows, version 14, MedCalc Software, Ostend, Belgium) was used. Descriptive statistics were generated to report baseline HA and TGF-β1 data (median, minimum, maximum). Based on assessment of data distribution normality (Shapiro-Wilk test) and homoscedasticity (Levene's test), Kruskal-Wallis test followed by Dunn's post hoc test were performed to compare HA and TGF-β1 concentrations between subgroups. Sensitivity and specificity with 95% confidence intervals (CIs) were calculated at various cut-off values. The optimal cut-off value was determined by the value with the highest Youden's J index (sensitivity + specificity -1). The relationship between serum HA concentrations and the stage of liver fibrosis in patients with parenchymal disorders or CPSS size were assessed using Spearman's rank correlation (r s ). Scatter plot investigation of HA concentrations among subgroups was created using commercial software (Prism, version 7, GraphPad, La Jolla, CA, USA). Statistical significance was set at P < 0.05.
Results
Serum samples from 82 animals were prospectively collected. Of the 41 healthy control dogs, 26 were female and 15 male, the median age was 6.8 years (age range: 12 months to 14 years). The control group was represented by 23 purebred dogs of 10 different breeds and 18 mixed-breed dogs. The patient group comprised 41 dogs. One case was excluded because of a concurrent presence of hepatitis, extrahepatic biliary duct obstruction, and acquired portosystemic shunts. Of the remaining 40 dogs with the hepatic disease, 24 were female and 16 male, the median age was 8.3 years (age range: 7 months to 16 years). The following breeds were included: Yorkshire terrier (n = 6), mixed-breed (n = 6), Labrador Retriever (n = 3), Golden Retriever (n = 3), Prague Ratter (n = 2), Border Collie (n = 2) and one of American Cockerspaniel, English Cockerspaniel, West Highland White Terrier, Australian Cattle Dog, Bernese Mountain Dog, Border Terrier, Dachshund, Doberman, Weimaraner, German Shepherd, Hovawart, Italian Greyhound, Beagle, Fox Terrier, Bichon Frise, Maltese Dog, Poodle, Schnauzer. Patients were grouped based on the WSAVA standards for clinical and histological diagnosis of canine liver diseases. Subgroup 1 vascular disorders: 11 dogs with extrahepatic CPSS, 1 dog with intrahepatic CPSS; subgroup 2 parenchymal diseases, further subdivided into 2a, 5 dogs with chronic hepatitis and mild to moderate fibrosis; and 2b, 5 dogs with chronic hepatitis and advanced fibrosis and cirrhosis; subgroup 3 hepatic neoplasia: 4 dogs with lymphoma, 3 with hepatocellular carcinoma, 1 with metastatic mast cell tumour, 1 with metastatic insulinoma, 1 with metastatic intestinal carcinoid; subgroup 4 biliary tract disorders: 3 dogs with acute pancreatitis leading to extrahepatic biliary duct obstruction (EHBDO), 3 with biliary mucocele and 2 with emphysematous cholecystitis. Serum HA concentration was significantly increased in patients of subgroup 1, vascular disorders (4-fold increase; P < 0.001) and subgroup 2b, advanced fibrosis/cirrhosis (19-fold increase; P < 0.001) compared to healthy dogs. No other significant differences were found in serum HA concentration among the subgroups, except vascular disorders compared to biliary tract disorders (P = 0.044; Table 2 , Fig. 1 ). The ROC curve (AUROC = 0.973) analysis assessed the diagnostic accuracy of HA for detection of advanced liver fibrosis/cirrhosis,a cut-off value 135.94 ng/ml was established as having the highest Youden's J index (Fig. 2) . The sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) for diagnosis of advanced liver fibrosis/ cirrhosis by serum HA were 100% (95% CI, 50.6-100), 90.7% (95% CI, 81.6-95.7), 41.67% and 100%, respectively (Fig. 3) .
A weak but significant positive correlation (r s = 0.28; P = 0.049) was found between serum HA concentration and the stage of hepatic fibrosis. There was no correlation between serum HA concentrations and the size of CPSS vessel (r s = 0.07; P = 0.831).
Serum concentrations of TGF-β1 were measured in 34 dogs from the control group (83%) and 23 dogs with hepatobiliary disease (58%). The TGF-β1 concentrations did not differ significantly among these groups (P = 0.180; Fig. 4) . The intra-assay %CV for the TGF-β1 assay was 5.2% and 3.9% for low and high concentration samples, respectively. The inter-assay variability for TGF-β1 ELISA was 11.8% and 13.2% for low and high concentration samples, respectively.
Discussion
Limited information is available regarding the use of non-invasive biomarkers of liver fibrosis in veterinary medicine. Hyaluronic acid is the main component of ECM and here it is evaluated as a potential marker of increased fibrotic tissue accumulation as it is in humans (Lee et al. 2010 ). In the current study, HA and TGF-β1 serum concentrations were measured by ELISA in healthy dogs and dogs diagnosed with hepatobiliary disease. We found that the HA concentration was significantly increased (P < 0.001) in patients diagnosed with advanced hepatic fibrosis/cirrhosis compared to other subgroups. This finding is in agreement with two previous studies in dogs (Kanemoto et al. 2009; Glinska-Suchocka et al. 2015) ; whereas a third study found no significant difference in serum HA concentrations between dogs with absent to moderate hepatic fibrosis compared to these with marked to very marked fibrosis (Lidbury et al. 2016 , Table 1 ) However, Lidbury et al. (2016) used a different immunoassay (Table 1 ) and reported a much higher median concentration of HA in healthy dogs (201 ng/ml) compared to the current study (37.15 ng/ml). The median serum HA concentration in controls of the current study measured by ELISA was similar to the median in healthy dogs (73 ng/ml) measured by the latex-agglutination assay reported by Kanemoto et al. (2009) . Furthermore, Lidbury et al. (2016) did not find a significant Table 2 . Hyaluronic acid (HA) and transforming growth factor β1 (TGF-β1) serum concentrations in healthy dogs and patients diagnosed with liver disease. Key data are expressed as median (minimum -maximum). difference in serum HA concentration among any types of hepatobiliary disease with the exception of unexpected lower blood HA level in patients diagnosed with neoplasia compared to healthy dogs. As ultrasound findings in hepatic cirrhosis may sometimes mimic neoplastic liver disease, serum HA concentration could be useful to distinguish them (d 'Anjou 2015) . However, we did not find a difference either between the advanced fibrosis/cirrhosis subgroup and the neoplasia subgroup or between healthy dogs and patients with neoplastic liver disease, possibly due to the low number of patients in each subgroup.
In the current study, we also found a weak positive correlation between HA concentration and fibrotic changes in dogs with parenchymal liver disease. It is perhaps likely that HA concentrations may be influenced not only by the stage of hepatic fibrosis, given the study by Glinska-Suchocka et al. (2015) reports a positive correlation between HA concentration and degree of inflammation.
In the current study, low PPV for liver fibrosis and only a weak positive correlation between serum HA levels and the stage of hepatic fibrosis indicates that serum HA is not a reliable marker of early fibrotic changes (METAVIR F1-F2), whereas the high NPV suggests measurement of HA may potentially rule out advanced liver fibrosis/cirrhosis. Thus, although liver biopsy remains the gold standard for the definitive diagnosis and for the institution of treatment, our results suggest that serum HA concentration may be useful for identification of ongoing advanced fibrosis and cirrhosis.
In agreement with the findings of Seki et al. (2010) , the current study found a significant increase in serum HA concentration (P < 0.001) in patients diagnosed with CPSS compared to healthy dogs, whereas Lidbury et al. (2016) did not detect a difference between healthy dogs and those with PSS. Seki et al. (2010) proposed that the elevated serum HA levels in dogs with PSS without hepatic fibrosis may possibly arise due to reduced sinusoidal clearance of HA by endothelial cells.
We thus postulated that a greater shunt vessel diameter might enhance the reduction in HA clearance. However, we did not find a correlation between serum HA concentration and the size of the CPSS vessel to explain the findings.
Transforming growth factor β1 is a pleiotropic cytokine that regulates extracellular matrix production, wound healing, immune functions, cell proliferation and differentiation. It is also a major mediator of fibrogenesis. However, in the current study advanced fibrosis and cirrhosis was not associated with an increase in TGF-β1 concentration. This is in contrast with human studies (Nelson et al. 1997 ) and a previous report (Neumann et al. 2008) in dogs. The median serum TGF-β1 found in healthy dogs in the current study was similar to those previously reported for healthy dogs (Maiolini et al. 2013 ) (33.87 pg/ml and 23.84 pg/ml, respectively), whereas the median found in healthy dogs in the German study was more than × 10 higher (352 pg/ml) (Neumann et al. 2008) . The reason for this difference is unclear because Neumann et al. (2008) used the same TGF-β1 assay as was used in the current study and in a study of canine arthropathies (Arican et al. 1994) , and the assay had acceptable precision and repeatability.
Our study had several limitations: 1) The number of patients per subgroup, in particular dogs diagnosed with chronic hepatitis, was small. This necessitated the formation of just two subgroups by collapsing the METAVIR scores for hepatic parenchymal disease (2a -mild and moderate fibrosis; 2b -advanced fibrosis and cirrhosis), instead of dividing it into four subgroups (F1-F4) according to the stage of liver fibrosis;
2) Liver biopsy samples were taken from all dogs in the patient group, but only 6 healthy dogs. Laboratory abnormalities may be missing in chronic liver disease (Poldervaart et al. 2009 ) and abdominal ultrasound has low sensitivity in detection of hepatic fibrosis of any extent (Kemp et al. 2013);  3) We did not evaluate the correlation between serum HA level and other histopathological findings (degree of inflammation or necrosis); 4) We cannot exclude the presence of fibrosis in another organ system due to subclinical disease (this is also a limitation of other studies).
These limitations have implications for further studies. Larger sample sizes are required to evaluate the correlation of serum HA concentration with respect to each stage of fibrosis (F1-F4).
In conclusion, liver biopsy and histopathology remain a gold standard for the diagnosis of liver disease and stage of fibrosis, however, the results of our study suggest that unlike TGF-β1, an above-threshold increase in serum HA concentration is a potential non-invasive marker in dogs that might differentiate early-moderate fibrosis (F1-F2) from advanced fibrosis and cirrhosis (F3-F4) in combination with other diagnostic tests. Due to its low specificity and thus inability to differentiate from vascular liver disorders, further refinement necessitates additional diagnostic work-up. Our study confirms that serum HA concentration could serve as a clinically useful diagnostic tool particularly as a marker of progression of liver disease. The high negative predictive value makes it a reliable test to exclude advanced fibrosis/ cirrhosis in canine patients with hepatobiliary diseases.
